Introduction
Core flow temperatures within the hot section of a gas turbine commonly exceed the metal melting temperature. Cooling techniques are needed to protect turbine components from the harsh environment. To accomplish this cooling, high pressure air is bled from the compressor, bypassed around the combustor, and then routed into the turbine where it is used for internal and external cooling purposes.
Since the entire turbine is not manufactured as a single component, numerous gaps exist between mating parts allowing leakage of high pressure coolant. Thermal expansion and mechanical stresses within the turbine make it especially difficult to seal these interfaces. One such interface is the slot between the combustor and the first stage of the turbine since the combustor and turbine are not rigidly connected. The gap between adjacent vane sections is another area that allows leakage of high pressure coolant. Leakages result in a significant loss in overall efficiency.
Turbine components are typically cast with high nickel super alloys because of their high strength at elevated temperatures. While the exact materials are proprietary, these alloys are similar in composition to Inconel 625. The average coefficient of thermal expansion for Inconel 625 is equal to 0.138 mm per cm of unrestrained metal over the standard to operating temperature range of 1075°C ͓1͔. If one considers an unrestrained 30 cm combustor, it would result in an expansion of 4 mm. This 4 mm is on the order of the change in slot width we are modeling for this paper.
The work presented in this paper evaluates the effects of expansion and contraction of the combustor-turbine interface on endwall cooling performance. Also compared in this paper is the effect of leakage flowrates from a mid-passage gap between two mating vanes on the overall endwall cooling performance.
Relevant Past Studies
Significant work has been performed documenting the effects of leakage from the slot at the combustor-turbine interface. There have also been studies in the literature analyzing the combined effects of a combustor-turbine slot leakage and film-cooling. Very few studies exist on either the effect of a realistic mid-passage gap or the effect of changes in the combustor-turbine slot width on endwall cooling effectiveness for an actual airfoil passage.
The majority of the studies concerned with leakage flow have focused on a slot upstream of the first stage vane meant to simulate the leakage flow that occurs between the combustor and the turbine. One of the earliest works was presented by Blair ͓2͔. Blair's study included a two-dimensional slot upstream of the vane. An enhanced cooling benefit was observed for increases in leakage flow. In a similar study, Burd et al. ͓3͔ studied the effects of coolant leaking from an upstream slot. As with Blair, Burd et al. reported better endwall cooling for leakage flows as high as 6% of the total passage flow. Colban et al. ͓4,5͔ studied the effects of changing the combustor liner film-cooling and upstream slot leakage flows on endwall effectiveness levels for a first vane cascade. Their results, like others, showed that the upstream slot flow does not evenly distribute along the endwall, with the majority of the cooling benefit along the suction side of the vane. Pasinato et al. ͓6͔ studied the effects of injecting air upstream of the vane stagnation through a series of discrete slots. These slots were oriented in the slot in such a manner that the coolant was injected tangentially to the leading edge of their contoured endwall. Pasinato et al. ͓6͔ found that this secondary air injection strongly distorted the flowfield upstream of the vane stagnation.
Some studies have combined the effects of upstream slot leakage with endwall film-cooling. The main studies performed are those of Zhang and Jaiswal ͓7͔, Kost and Nicklas ͓8͔, Nicklas ͓9͔, and Knost and Thole ͓10,11͔. Kost and Nicklas ͓8͔ and Nicklas ͓9͔ reported that coolant ejection from an upstream slot causes radical changes in the near wall flowfield signifying an intensification of the horseshoe vortex, which was observable in their flow angle diagrams. This increase in intensity resulted in the slot coolant being moved off of the endwall surface and heat transfer coefficients that were over three times that measured for no slot flow injection. Endwall studies by Knost and Thole ͓10,11͔ investigated endwall effectiveness levels for a vane passage with both film-cooling and upstream slot injection. For increasing slot mass flow, Knost and Thole reported higher local effectiveness levels with the same coolant coverage area on the endwall Several studies have documented the effect of flow from a gap between two adjacent airfoils. Aunapu et al. ͓12͔ showed that blowing through a passage gap could be used to reduce the negative effects of the passage vortex, but with significant aerody-namic losses. Another study done by Ranson and Thole ͓13͔ used a mid-passage gap between two blades for their experimental and computational studies. Their results showed that the flow through the gap was initially directed toward the blade pressure side, due to the incoming velocity vectors, and then convected towards the suction side of the adjacent airfoil. Yamao et al. ͓14͔ reported changes in film-cooling effectiveness levels due to leakage air injected from both an upstream slot and mid-passage gap. Their study indicated that film-cooling effectiveness was enhanced with an increase in sealing flow through both leakage interfaces.
Piggush and Simon ͓15,16͔ analyzed the effect of leakage flows on aerodynamic losses for a vane cascade. It was concluded that the mid-passage gap blowing caused both an increase in passage losses and the creation of a second smaller passage vortex which was located below the primary passage vortex. Piggush and Simon ͓15,16͔ also concluded that the majority of mid-passage gap blowing became entrained in the formation of a second vortex within the passage. Reid et al. ͓17͔ studied the effect of interplatform leakage on overall efficiency for an axial flow turbine stage. They determined that the largest drop in efficiency associated with interplatform leakage was 1.5% when compared to the stage efficiency with no slot present. The main difference in interplatform gap geometry between these two studies is that Reid et al. ͓17͔ modeled the internal seal strip of the interplatform gap and Piggush and Simon ͓15,16͔ did not.
Cardwell et al. ͓18͔ analyzed the effect of a mid-passage gap with a seal strip and platform misalignment on endwall cooling effectiveness. They determined that misalignment between adjacent vanes and between the combustor-turbine interface can significantly affect upstream slot coolant trajectory and effectiveness. Cardwell et al. ͓18͔ reported that a backward facing step ͑cascade configuration͒ between the combustor-turbine interface greatly reduced the need for suction side endwall film-cooling due to an increased utilization of upstream slot leakage.
The effect of a step in hub diameter just ahead of a blade row on aerodynamic blade performance was evaluated by de la Rosa Blanco et al. ͓19͔. They also determined that a backward facing step at this location can lead to a reduction in endwall and mixing losses when compared to a flat endwall while a forward facing step produces higher losses than a flat endwall. Piggush and Simon ͓15,16͔ also agreed with the pressure loss results of de la Rosa Blanco et al. ͓19͔ for a turbine vane indicating increased losses with a forward and decreased losses with a backward facing step upstream of the vane stagnation.
To date there has been significant research on the effect of upstream slot flow on the passage fluid dynamics and endwall heat transfer, but no study on the effects of varied upstream slot widths. This study improves upon previous works by studying the realistic effect of combustor-turbine slot expansion and contraction on endwall adiabatic effectiveness levels given a vane passage with other realistic features such as a mid-passage gap and film-cooling.
Vane and Endwall Geometry
The flat endwall used in the linear cascade has three cooling features: a combustor-turbine slot, a mid-passage vane-to-vane gap with accompanying seal strip, and discrete film cooling holes. The same film cooling pattern as shown in Fig. 1 , which was originally designed and tested by Knost and Thole ͓10,11͔, was used in this study. Figure 1 shows the film cooling hole injection angles, the upstream slot, and the mid-passage gap discussed above. All film cooling holes were cylindrical and inclined at an angle of 30 deg with respect to the endwall surface. Table 1 provides a brief description of the turbine vane geometry and operating conditions. Significant studies were performed on this particular vane geometry with a more detailed description given in Radomsky and Thole ͓20͔. Figure 1 also shows a two-dimensional slot upstream of the vane leading edge, which represents the mating interface of the turbine and combustor. This slot had an injection angle of 45 deg and was located 30% of the axial chord upstream of the vane stagnation location. This leakage interface will be referred to as the upstream slot. Table 2 provides a summary of parameters relevant to the film-cooling holes and upstream slot geometries.
As discussed in the Introduction, the primary focus of this work was to analyze the endwall cooling effect of upstream slot expansion and contraction. For this study the metering slot width was expanded by 50% and contracted by 50%, which will be referred to as double width and half width, respectively. As with the nominal slot, both the double width and half width slots had a 45 deg surface injection angle. For these studies, the upstream slot was expanded and contracted while keeping the slot centerline fixed relative to the vane stagnation.
The gap between adjacent vane sections will be referred to as the mid-passage gap. A cross section of the mid-passage gap is shown in Fig. 2 . Unlike the upstream slot, the mid-passage gap had a recessed seal strip as found in many engine designs, which influenced its interaction with the coolant and mainstream flow. To allow flow control, the mid-passage gap had a separate supply plenum which did not open into the upstream slot. The cross section of the mid-passage gap is also shown in Fig. 2 . This gap, which was described in the previous study by Cardwell et al. ͓18͔, had a 90 deg surface injection angle, a width of 0.635 cm, and a gap flow length to width ratio of 5. For this study, the mid-passage gap width was not varied. Similar to the previous study reported by Cardwell et al. ͓18͔ , the endwall surface was covered with a uniform roughness. To simulate a random array of a uniform roughness level, wide-belt industrial sandpaper was used to cover the entire endwall. The sandpaper had a closed coat 36 grit surface and a grade Y cloth backing. A closed coat surface had roughness elements arranged in a random array over 100% of its surface. The 36 grit sandpaper had an average particle size of 538 microns ͓21͔ which was roughly twice that observed by Bons et al. ͓22͔ for in service turbine endwalls. A custom construction technique was used to guarantee a uniform and uniform fit around each film-cooling hole. This technique ensured a uniform interaction between the rough surface and coolant jets for the entire endwall.
Experimental Methodology
The experimental facility used for this study consisted of a linear cascade test section placed in a closed loop wind tunnel, as shown in Fig. 3 . Flow within the wind tunnel was driven by a 50 hp axial vane fan, which was controlled by a variable frequency inverter. After being accelerated by the fan, the flow turned 90 deg and then passed through a primary finned-tube heat exchanger. This heat exchanger was used to precool the bulk flow. After passing through the primary heat exchanger, the flow encountered another 90 deg turn before entering a three way split. This split simulated the primary core flow through the combustor and the bypass flow around the combustor. The flow split was achieved by using a porous plate with a 25% open area to act as a valve thereby directing a portion of the flow into the upper channel. The primary core flow passed through a resistance heater bank where its temperature was increased to 60°C. The secondary flow in the top channel passed through a secondary finned-tube heat exchanger where the flow temperature was lowered to 10°C. The mainstream flow continued through the middle channel into the test section. The cooler bypass flow was pulled into a 2 HP blower where it then flowed into the test section for the coolant supplies.
The test section consisted of a vane cascade comprised of two full passages with one center vane and two half vanes, an endwall with film cooling holes, an upstream slot, and mid-passage gap geometries, which were scaled up by a factor of 9. A detailed account of its construction has been previously described by Cardwell et al. ͓18͔. The two main differences between the current test section and the one described by Cardwell et al. ͓18͔ were a change in the upstream approach flow and the ability to vary the upstream slot metering width. The previous upstream approach flow had a 15.6 deg contraction directly upstream of the test section while the upstream flow path used in this study had a 45 deg contraction that was 2.9 chords upstream of the vane giving a longer constant flow area into the test section. The upstream slot was interchangeable so that the flow metering width could be adjusted. The endwall, which was the main focus of the study, was constructed of low thermal conductivity foam ͑0.033 W / m K͒. The endwall foam was 1.9 cm thick and was mounted on a 1.2 cm thick Lexan plate. The cooling hole pattern was cut using a fiveaxis water jet machine to ensure proper hole placement and tight dimensional tolerances. The upstream slot, which needed to be stiffer, was constructed of hard wood which also has a low thermal conductivity value ͑0.16 W / m K͒.
Adiabatic endwall temperatures were taken for the different slot geometries and flowrates and also for different gap flowrates. Each coolant path had its own separate plenum for independent control of the flow through the film-cooling holes, upstream slot, and mid-passage gap as shown in Fig. 4 . For the studies reported in this paper, film cooling was not varied so a nominal value was set for all cases. The mid-passage gap was maintained even when no coolant was supplied to its plenum. Experiments were conducted for both a sealed and leaking mid-passage gap. Sealing of the mid-passage gap plenum was accomplished by closing the appropriate coolant feed pipe.
The inlet turbulence was measured to be 1.3%. The turbulent inlet boundary layer thickness was measured as 22% of the span at a location 15 slot widths upstream of the center vane stagnation location. During steady state operation, a temperature difference of 40°C was maintained between the mainstream and the coolant. From a room temperature start, the typical time to achieve steady state conditions was 3 h.
Coolant Flow Settings.
As stated earlier, all three coolant plenums were sealed with respect to each other and had independent flow control. CFD studies reported by Knost and Thole ͓10͔ were used to set the coolant mass flows through the film-cooling holes through the use of a predicted discharge coefficient. The method previously described by Knost and Thole and Cardwell et al. ͓18͔ was used whereby a global discharge coefficient was found through CFD analysis. Only one film-cooling flowrate was used for these studies, which was 0.5% of the core flow. A discharge coefficient of 0.6 was chosen for the upstream slot. This is a typically assumed value for a flow through a sharp-edged orifice. No assumed discharge coefficient was needed for the midpassage gap as the coolant flow rate was measured directly using a laminar flow element placed downstream of the coolant control valve. Feeding this plenum differently was necessary due to the high amounts of ingestion seen in the mid-passage gap, which will be explained later in the paper.
Instrumentation and Measurement Techniques. Spatiallyresolved adiabatic endwall temperature contours were recorded using an FLIR P20 infrared camera. The test section had multiple viewing ports on the top endwall through which measurements were taken until the entire endwall surface was mapped. At each viewing location the camera was placed perpendicular to the endwall surface at a distance of 55 cm. Given the camera's viewing angle, each picture covered an area of 24 cmϫ 18 cm, with the resolution being 320ϫ 240 pixels. The camera's spatial integration was 0.16 hole diameters ͑0.71 mm͒. Postcalibration of the images was accomplished using actual temperature values taken by thermocouples placed on the endwall surface. The surface emissivity was assumed to be 0.92, which is a commonly reported value for the material type and surface structure associated with coarse grit sandpaper ͓23͔. During postcalibration, the image background temperature was adjusted until the thermocouple data and infrared image data were within 0.01°C. Typical values of background temperature were 55°C ͑note the freestream temperature was typically 60°C͒. Six images were taken at each viewing location, of which five were used to obtain an average image using an in-house Matlab program. The same program then scales, rotates, and assembles the averaged images at all locations. This fully assembled contour gives a complete temperature distribution for the endwall surface.
Freestream temperature values were measured at 25%, 50%, and 75% of the vane span at four locations across the passage pitch. Maximum variations along the pitch and span were less than 0.5°C and 1.0°C, respectively. Three thermocouples were attached in the upstream slot plenum and two thermocouples were attached in the film cooling plenum to measure the respective coolant temperatures. Differences in temperature between the plenums were typically less than 1°C. Eleven thermocouples were placed within the mid-passage gap to measure the air temperature profile. These thermocouples were located six seal strip thicknesses beneath the endwall surface ͑see Fig. 2͒ . A 32 channel data acquisition module by National Instruments was used with a 12-bit digitizing card to measure and record the thermocouple voltage data. All temperature data was recorded and compiled after the system had reached steady state.
A one-dimensional conduction correction as described by Ethridge et al. ͓24͔ was applied to all adiabatic effectiveness measurements. This correction involved measuring the endwall surface effectiveness with no coolant flow. This was accomplished by blocking off the film-cooling holes within the passage. The resulting correction was 0.16 at the entrance for an value of 0.9 and 0.02 at the exit region at a measured value of 0.5.
An uncertainty analysis was performed on the measurements of adiabatic effectiveness using the partial derivative method described at length by Moffat ͓25͔. The precision uncertainty was determined by taking the standard deviation of six measurement sets of IR camera images with each set consisting of five images. The precision uncertainty of the IR camera measurements was ±0.0143°C and the bias uncertainty was ±1.02°C, based on the calibration of the image. The precision uncertainty and bias uncertainty of the thermocouples was ±0.1°C and ±0.5°C, respectively. The total uncertainty was then calculated as ±1.02°C for the IR images and ±0.51°C for the thermocouples. Uncertainty in effectiveness, , was found based on the partial derivative of with respect to each temperature in its definition and the total uncertainty in the measurements. Uncertainties of ␦ = ± 0.028 at = 0.1 and ␦ = ± 0.028 at = 0.8 were calculated.
Discussion of Results
A number of tests were conducted for this study with the most representative results being given in this paper, as described in the next section on the test matrix. First, the effect of varying upstream slot width will be discussed for constant mass flow rate and a constant momentum flux ratio. Second, the effect of a fixed slot width for varying upstream slot mass flow rate will be discussed. Last, a mid-passage gap comparison with and without flow width will be discussed. Table 3͒ , which would be of particular use to the turbine designer. Mass flowrates are reported on a percent basis with respect to the total mass flowrate through the passage. For all cases, the film-cooling mass flow was set at 0.5% and, unless specified, the mid-passage gap was at 0%.
Derivation of Test Matrix. Significant consideration was given to the creation of a test matrix ͑shown in
The first comparison done was for a 0.85% matched mass flow for expanding and contracting the slot width by 50%. The mass flow was kept constant by increasing or decreasing the plenum pressure accordingly, which resulted in a matched mass flow but varying momentum flux and mass flux ratios. While a sensible choice from an experimental point of view, this does not necessarily correlate to that of an actual engine.
Within the engine, the pressure difference between the coolant and exit static pressure typically remains constant resulting in a matched momentum flux ratio ͑given that ⌬p ϳ U 2 ͒. The second comparison was for an average slot I = 0.08 while expanding and contracting the slot width 50%. Total coolant pressure to static gas pressure was held at a constant value, which resulted in nominally the same average slot velocity ͑and momentum flux ratio͒ but differing slot mass flows as the slot metering width was contracted or expanded. Next, the effect of varying slot mass flow was analyzed for the nominal slot width. The last effect to be analyzed was the mid-passage gap leakage. The mid-passage gap mass flow was set at 0.1%, 0.2%, and 0.3% of core passage flow.
Matched Mass Flow Ratios for Differing Slot Widths.
For nominal slot flow rate of 0.85%, Fig. 5 compares adiabatic effectiveness for different slot widths. It is important to note that while the slot mass flow remained constant for all slot widths, the average slot momentum flux ratio changed by a factor of 10 between the half and double width slots.
The effect of expanding the slot is shown in Fig. 5͑a͒ . No coolant was observed exiting the upstream slot on the pressure side of the mid-passage gap. The hot ring observed on the vane's leading edge was apparent and effectiveness levels on the entire pressure side and suction side had decreased substantially relative to Fig. 5͑b͒ . The effect of contracting the slot is shown in Fig.  5͑c͒ . Figures 5͑a͒ and 5͑b͒ show the upstream slot coolant had been primarily confined to the suction side surface by the presence of the mid-passage gap. In Fig. 5͑c͒ for the half width slot the leakage flow seems evenly distributed over the entire slot pitch with a substantial increase in cooling on the pressure side of the mid-passage gap. Film-cooling holes upstream of the vane stagnation are redundant and the hot ring around the vane pressure side shown in other cases which extends from the leading edge into the passage is no longer apparent. More even cooling was observed on the mid-passage gap suction side as well in Fig. 5͑c͒ , while the locally high values of effectiveness seen using the nominal upstream slot width ͑Fig. 5͑b͒͒ were less apparent.
Pitchwise averaged values of effectiveness for varied slot width with matched mass flow ratios are shown in Fig. 6 . Expanding the slot shows a decrease in averaged effectiveness levels along much of the platform while contracting the slot increases the averaged effectiveness. This can be explained by the contours shown in Fig.  5 where the coverage area was greater in Fig. 5͑c͒ and more localized in Fig. 5͑a͒ . The contracted slot shows better coolant coverage than nominal with higher averaged effectiveness levels than both the nominal and double-width slot. This result is expected based on the viewpoints of coolant momentum and mass flow ͑see Table 3͒ . The higher plenum pressure required to supply 0.85% from the contracted slot has resulted in an increase in the coverage uniformity. This improvement in uniformity can be explained by considering that with a higher plenum pressure there is less sensitivity to the exit static pressure variation due to the presence of the vane. For the expanded slot, lower plenum pressures are required to supply 0.85% mass flow thereby resulting in more sensitivity to the exit static pressure.
Through observation of Fig. 5͑a͒ it was concluded that a portion of the slot was ingesting hot mainstream air since no coolant was observed exiting the slot on the mid-passage gap pressure side. Therefore, the ejected coolant on the suction side was already premixed with hot main gas within the upstream slot, which explains the strong reduction in averaged effectiveness levels for the expanded slot.
Mid-passage gap temperature profiles are shown in Fig. 7 . This information is important as turbines are typically designed so that ingestion of hot mainstream gas into the gaps is minimized. The nondimensional gap temperature, , was based on the mainstream and the coolant temperatures where values of zero and one signify maximum and minimum gap temperatures, respectively. Again, Fig. 2 illustrates the thermocouple location for the midpassage gap. Also shown in Fig. 7 are the calculated inviscid gap velocities based on the local static pressure at the gap exit, which was known from previous studies ͓26͔. Note that this calculation assumed a constant total plenum pressure difference between the mainstream and the gap plenum. An iterative procedure was used to calculate the pressure difference which resulted in zero net mass flow from the slot ͑ingested flow equals ejected flow͒. For zero net mass flow through the mid-passage gap, negative velocity values ͑signifying ingestion͒ were predicted for X / L Ͻ 0.45 and positive velocity values ͑signifying ejection͒ were predicted for X / L Ͼ 0.45.
The gap leading edge ingested a substantial amount of coolant from the upstream slot. In the location 0 Ͻ X / L Ͻ 0.2, this ingested coolant resulted in cooler temperatures with the amount of coolant being ingested decreasing with increasing X / L. There was also increased ingestion of the hot mainstream flow which caused a rapid increase in the gap air temperature. Temperature in the gap increased dramatically as hot mainstream flow was ingested at X / L Ͻ 0.2. The increase in observed at X / L = 0.2 was most likely caused by ingestion of fresh coolant from film-cooling holes in the vicinity of X / L = 0.2 as well as continued mixing of previously ingested upstream slot coolant and main gas. This mixture of coolant and hot mainstream gas convects inside the mid-passage gap until the exit static pressure is low enough for it to exit the gap. Up to X / L = 0.45, the inviscid velocity is indicated to be into the slot ͑static endwall pressure is higher than the plenum pressure͒, which is consistent with the fact that flow is ingesting into the gap. Beyond X / L = 0.45, Fig. 7 shows that flow is exiting the mid-passage gap. Transactions of the ASME All profiles for varying slot width in Fig. 7 are very similar to values slightly lower for both the double and half-width upstream slots. Since the coolant exiting the half-width slot has a relatively high momentum compared with the nominal, it is less likely that it will be ingested into the mid-passage gap than for the doublewidth slot.
Matched Momentum Flux Ratios for Differing Slot Widths.
Upstream slot momentum flux ratios were matched to an average value of I = 0.08, which corresponded to a nominal width upstream slot flow of 0.75%. As shown previously, the upstream slot width was contracted and expanded by 50%. There was 0% flow in the mid-passage gap. Figure 8 shows contours of adiabatic effectiveness and Fig. 9 shows pitchwise averaged values of adiabatic effectiveness on the endwall for an average upstream slot momentum flux ratio of 0.08. The coolant coverage area is very similar for all three slot widths, illustrating that coverage area is a function of the coolant to mainstream momentum flux ratios rather than the coolant mass flow rate. By contracting the slot and keeping the plenum-tomainstream pressure difference the same, the mass flow of coolant exiting the upstream slot was reduced ͑see Table 3͒ . This reduction in coolant flow explains the observed reduction in effectiveness on the suction side platform and the lower values of averaged effectiveness. By the same reasoning, the coolant mass flow would be higher for the expanded slot, thus explaining the increase in averaged coolant effectiveness on the suction side platform. Figure 8 shows there is also an effect of slot width on the mid-passage gap trailing edge. In this region, the mid-passage gap ejects a mixture of the coolant and main gas which was ingested in the leading edge region. A slight increase in effectiveness levels for the nominal and double slot cases relative to the half slot width were observed on the suction side of the mid-passage gap trailing edge. The cooler region near the trailing edge indicates different amounts of coolant were being ingested into the mid-passage gap near the leading edge and then ejected near the trailing edge. Upstream slot momentum flux was the same for all cases, but coolant mass flow was higher for the double slot and lower for the half slot.
By examining the mid-passage gap temperature profiles in Fig.  10 , we see that by matching the upstream slot coolant momentum flux ratios the amount of coolant being ingested into the midpassage gap changed with slot width. Expanding the slot width dramatically decreased gap temperature, sometimes by as much as 70% from nominal. The effect of contracting the slot is not observed until X / L = 0.45, where ejecting mid-passage gap temperatures were observed to be 10-20% lower.
Adiabatic Effectiveness With Varying Slot Leakage Flows.
For a constant upstream slot width and a varying difference between the coolant and the mainstream static pressures, the coolant flow rate exiting the slot varies. To determine this effect, tests were conducted, as before, with no mid-passage gap flow and upstream slot mass flow rates were set to 0.75%, 0.85%, and 1.0%. The effect of varying upstream slot flowrate was analyzed for a nominal slot width. Contours of adiabatic effectiveness for the effect of coolant mass flux ratio are shown in Fig. 11 .
The primary result was that for all three cases the coverage area had not changed significantly but the cooling benefit had increased. It is important to note that upstream slot momentum flux ratio increased with slot mass flow by a factor of 1.6 from the lowest to highest slot flowrate studied. This increase was much smaller than the factor of 10 discussed in the previous section. For each case, there was very little coolant flow from the upstream slot crossing over the mid-passage gap as shown before by Card- As the slot mass flow rate was increased, the amount of coolant observed on the pressure side of the slot increased slightly. The suction side of the gap, which was well cooled for all flow rates, showed higher adiabatic effectiveness levels when the slot flow rate was increased. Although the coolant mass flow rate through the slot was increased substantially, much of the pressure side endwall continued to show lower values of adiabatic effectiveness. To quantify the effect of increasing slot flow at these levels, the adiabatic effectiveness values were pitchwise averaged for all flow rates, as shown in Fig. 12 . Increasing the upstream slot cooling showed increased values of pitchwise averaged adiabatic effectiveness.
Since there was more coolant on the endwall for increased upstream slot leakage, it was hypothesized that more coolant was being ingested into the mid-passage gap. The measured nondimensional gap temperature profiles for the above mentioned cases are shown in Fig. 13 . Note that again, no coolant mass flow was provided to the gap. The increase in slot flow rate from 0.75% to 0.85% showed a substantial decrease in gap temperatures. The ratio of ingested coolant to hot gas was higher, thus explaining the decrease in ejected gap temperatures beyond X / L = 0.45. In contrast, negligible changes in gap temperatures were recorded for the increase to 1% upstream slot flow. Most likely the gap was saturated with coolant from the upstream slot at the 1% case.
Adiabatic Effectiveness Varying Mid-Passage Gap Flows.
The last comparison completed for this study was for a variation in the mid-passage gap leakage. These experiments were conducted with a nominal upstream slot width and a 0.75% upstream slot mass flow rate ͑I = 0.08͒. Mid-passage gap mass flow rates were set to 0.1%, 0.2%, and 0.3%.
The contours of adiabatic effectiveness for the varying gap flows are shown in Fig. 14. These contours are very similar to each other with no large effect due to varied mid-passage gap flow. As before, the contours were pitchwise averaged, which is shown in Fig. 15 . No effect is observed in the leading edge region of the slot. It appears that the mid-passage gap flow has little to no effect on the endwall surface for the entire passage in this flow rate range. The presence of the gap, however, does affect the endwall effectiveness patterns relative to a continuous endwall as previously described by Cardwell et al. ͓18͔ .
There was a slight effect of the coolant flow rate on the nondimensional temperature distribution within the gap. Figure 16 shows the nondimensional gap temperature profiles for the three cases as compared to the no flow case. As compared to the no gap flow condition, the gap temperature was lower relative to all values of coolant mass flow. Increasing the mid-passage gap flow rate reduced the temperature measured within the gap for 0.45 Ͻ X / L Ͻ 1. For between 0.45Ͻ X / L Ͻ 1, decreases in gap temperatures were observed for increases in mid-passage gap flow. Note that the ejected fluid was a mixture of ingested upstream slot coolant, ingested main gas, and mid-passage gap coolant. Figure 17 shows thermal field profiles which were taken within the passage for 0% and 0.3% mid-passage gap flow. The measurement plane was located at s / C = 0.5, which is illustrated by the dashed line in Fig. 1 . There was little change in the passage temperature profiles indicating little change in the secondary flows. Again as previously noted when comparing gap temperature profiles, the interaction of the mid-passage gap was only slightly affected by changes in leakage flow and was primarily driven by the endwall static pressure distribution throughout the passage. Transactions of the ASME
Conclusions
Measurements of endwall adiabatic effectiveness and nondimensional mid-passage gap temperature profiles were presented for a double, nominal, and half-width combustor to turbine interface. Two parameters were used to compare the different configurations: mass flow and momentum flux ratios.
When comparing varying slot width while matching mass flow, it was observed that decreasing the slot width caused the coolant to be more evenly distributed on the endwall. Increasing the slot width while matching mass flow indicated a reduced coverage with no coolant observed on the pressure side of the passage. Moreover, the effectiveness values on the suction side were lower that those observed at the same flow rate for a nominal slot width. This decrease was caused by ingesting hot mainstream gas. Averaged effectiveness values were found to be the lowest for the double slot relative to the nominal and half-width.
Matching the slot momentum flux ratios for the three slot widths resulted in endwall contours that looked nominally the same in terms of upstream slot coolant coverage. These results indicated that the upstream coolant coverage area was a function of momentum flux ratio, not mass flow rate. The cooling from the upstream slot had a beneficial effect only along the suction side endwall surface. Doubling the slot width resulted in better endwall cooling on the suction side platform and significantly lowered temperatures within the mid-passage gap. Given the same slot momentum flux ratio, halving the slot resulted in less coolant mass flow and higher temperatures within the gap.
With a nominal width, increasing upstream slot cooling resulted in improved endwall adiabatic effectiveness values and lower gap temperatures. Even at 1.0% mass flow, the upstream coolant momentum was still too low to adequately cool the pressure side platform due to the presence of the ingesting mid-passage gap.
Mid-passage gap leakage flows proved to have little effect on endwall adiabatic effectiveness levels, though gap temperatures were lower for increased leakage flows. Since the gap plenum was ingesting, it was at an equilibrium pressure somewhere between the passage inlet static wall pressure, which was higher, and the passage exit static wall pressure, which was lower. By introducing coolant flow to the gap plenum, the temperature of the gap fluid was effectively lowered while the equilibrium pressure stayed nominally the same. Thus it would require much higher coolant pressure to significantly affect the mid-passage gap velocity distribution.
These results indicate that the leakage through the combustorturbine interface can provide cooling to the endwall. Since this interface width changes as the turbine and combustor heat up, it is important to account for the associated changes in coolant cover- age area and local coolant levels thereby reducing the need for film-cooling on certain areas of the vane-endwall surface.
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